Sphingosine 1-phosphate (S1P)-metabolizing enzymes regulate the level of sphingolipids and have important biological functions. However, the effects of S1P-metabolizing enzymes on host defense against invading viruses remain unknown. In this study, we investigated the role of S1P-metabolizing enzymes in modulating cellular responses to influenza virus infection. Overexpression of S1P lyase (SPL), which induces the degradation of S1P, interfered with the amplification of infectious influenza virus. Accordingly, SPL-overexpressing cells were much more resistant than control cells to the cytopathic effects caused by influenza virus infection. SPL-mediated inhibition of virus-induced cell death was supported by impairment of the upregulation of the proapoptotic protein Bax, a critical factor for influenza virus cytopathogenicity. Importantly, influenza virus infection of SPL-overexpressing cells induced rapid activation of extracellular signal-regulated kinase (ERK) and STAT1 but not of p38 mitogen-activated protein kinase (MAPK), Akt, or c-Jun N-terminal kinase (JNK). Blockade of STAT1 expression or inhibition of Janus kinase (JAK) activity elevated the level of influenza virus replication in the cells, indicating that SPL protects cells from influenza virus via the activation of JAK/STAT signaling. In contrast to that of SPL, the overexpression of S1P-producing sphingosine kinase 1 heightened the cells' susceptibility to influenza virus infection, an effect that was reversed by the inhibition of its kinase activity, representing opposed enzymatic activity. These findings indicate that the modulation of S1P-metabolizing enzymes is crucial for controlling the host defense against infection with influenza virus. Thus, S1P-metabolizing enzymes are novel potential targets for the treatment of diseases caused by influenza virus infection.
Influenza virus continues to threaten humans and remains a major worldwide health concern. Influenza virus causes an average of 36,000 deaths and 200,000 hospitalizations annually in the United States (50) , imposing a significant economic burden (33) . Further, there is fear of the recurrence of a devastating influenza pandemic similar to the Spanish influenza pandemic in 1918/1919, which killed as estimated 40 to 50 million people worldwide (34) . Indeed, on 11 June 2009, the World Health Organization (WHO) declared the spread of the 2009 influenza A (H1N1) virus (initially known as swine flu virus) a global influenza pandemic (14, 45, 51) . In addition, outbreaks of avian H5N1 influenza elevated vigilance against the occurrence of an influenza pandemic (4) . A substantial number of circulating seasonal influenza viruses, as well as the avian H5N1 influenza virus with pandemic potential, were found to be resistant to antiviral drugs (10) . Thus, identifying new therapeutic targets and understanding the mechanisms of host-virus interactions are important biomedical goals.
Sphingolipids are bioactive lipid mediators characterized by the presence of a serine head group with one or two fatty acid tails (7, 44) . One of the sphingolipids, sphingosine, and its downstream product sphingosine 1-phosphate (S1P), have emerged as the modulators of multiple cellular processes, such as cell growth, survival, differentiation, and migration, and have therapeutic potential. For instance, a sphingosine analog, FTY720, is a promising biomedical drug candidate that is currently being tested in phase III clinical trials for the treatment of multiple sclerosis (20) . S1P, which is generated inside cells, can trigger intracellular signaling or is secreted to act as an exogenous lipid mediator stimulating S1P receptor-mediated signaling (44, 47) .
The level of S1P is tightly regulated by the S1P-metabolizing enzymes sphingosine kinase (SK) and S1P lyase (SPL). Its synthesis from sphingosine is catalyzed by SK, while SPL catalyzes the degradation of S1P to phosphoethanolamine and hexadecanal (46) . These S1P-metabolizing enzymes were revealed to modulate diverse cellular stresses induced by anticancer drugs (30, 31) , DNA damage (39) , or serum deprivation (38, 43) . Cells overexpressing SK1 displayed increased resistance to anticancer drugs such as cisplatin, carboplatin, and doxorubicin (30) , whereas cells overexpressing SPL were more sensitive to drug-mediated cell death (31) .
Recently, the sphingosine analog AAL-R was shown to display immunomodulatory activity to alleviate influenza virusinduced immune pathology (27, 28) . The phosphorylated analog acted directly on S1P receptors to regulate the expression of inflammatory cytokines, although it did not significantly alter influenza virus propagation (28) . However, the role of intracellular S1P-metabolizing enzymes in host defensive mechanisms against influenza virus infection has not been studied.
Here, we now show the contribution of the S1P-metabolizing enzymes SPL and SK1 to cellular responses to influenza virus infection. Overexpression of SPL interfered with influenza virus amplification and virus-induced cell death, with the early activation of STAT1 and extracellular signal-regulated kinase (ERK) molecules. Treatment with inhibitors blocking STAT1 expression or Janus kinase 1 (JAK1) activation increased influenza virus replication preferentially in SPL-overexpressing cells, demonstrating the importance of JAK/STAT signaling for SPL-mediated host defense. The suppression of influenza virus-induced cellular apoptosis by SPL was supported by the diminished expression of both the proapoptotic protein Bax and the cleaved product of poly(ADP-ribose) polymerase (PARP). In contrast, the overexpression of SK1 made cells more permissive to influenza virus infection, which was reversed by the inhibition of its kinase activity. Collectively, our results demonstrate that S1P-metabolizing enzymes regulate influenza virus propagation and represent novel therapeutic targets.
MATERIALS AND METHODS

Virus and cells.
Influenza A/WSN/33 virus (H1N1) was provided by Yoshihiro Kawaoka (University of Wisconsin-Madison) and was used in this study. For the titration of viruses, at various times after infection, WSN virus-infected cells and supernatants containing released viruses were harvested. Viruses that were associated with cells were isolated by one or two cycles of freezing and thawing. Virus titers were determined on Madin-Darby canine kidney (MDCK) cells by a plaque assay (36) . Human embryonic kidney (HEK) 293 cells and other established cell lines (SPL and SK1 cells) were maintained as described previously (30, 31) .
Western blot analysis. Specific antibodies against actin, influenza virus nucleoprotein (NP), Bax, Bcl-2, PARP, STAT1, pSTAT1, STAT2, pSTAT2, ERK, pERK, p38, p-p38, Akt, pAkt, Jun N-terminal protein kinase (JNK), pJNK, and FLAG for SPL and SK1 were purchased from Cell Signaling Technology, Abcam, Upstate, or Santa Cruz Biotechnology. Total proteins were extracted by a radioimmunoprecipitation assay (RIPA) buffer supplemented with inhibitors blocking proteases and phosphatases, and levels were then normalized by using a Bradford assay. The protein samples (20 g each) were run on a 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and were transferred to a Protran nitrocellulose (NC) membrane (Whatman). Membranebound antibodies were detected by enhanced chemiluminescence (Pierce). All the data presented were obtained by experiments repeated at least twice with independent experimental settings.
RNA interference. The small interfering RNA (siRNA) targeting SPL (si-SPL) was synthesized by Invitrogen Life Technologies. The si-SPL compounds are double-stranded RNAs (dsRNAs) containing proprietary chemical modifications that enhance RNA stability and reduce off-target effects. siRNA used as a control (si-CTR) was purchased from Cell Signaling Technology. Cells were transfected with 10 nM siRNA using Lipofectamine RNAiMAX (Invitrogen Life Technologies) according to the manufacturer's instructions. Then cells were infected with influenza virus at day 3 after transfection. Knockdown of SPL expression was verified by Western blot analysis. The experiment was independently repeated twice with similar results.
Inhibitor assays. For the JAK inhibitor assay, HEK and SPL cells were either left uninfected or infected with WSN virus at a multiplicity of infection (MOI) of 1. At 2 h postinfection (hpi), cells were treated with either a solvent control (1% dimethyl sulfoxide [DMSO]), JAK inhibitor I (2 or 10 M), AG490 (a JAK2 inhibitor; 2 M), or JAK3 inhibitor I (2 M) (Calbiochem). For the inhibition of STAT1 expression, HEK and SPL cells were pretreated with fludarabine (1 M) (Sigma) (13) or its solvent control (1% DMSO) for 6 h and were then infected with WSN virus at an MOI of 1. To inhibit SK activity, SK1 cells were preincubated with N,N,-dimethylsphingosine (DMS) (Cayman Chemical) or its solvent (1% DMSO) as a control for 3 h and were then infected with WSN virus. Results were confirmed by repeated experiments.
Sphingolipids. FTY720, D-erythro-sphingosine, and S1P were purchased from Cayman Chemicals. HEK cells were infected with WSN virus and were simultaneously treated with FTY720 (1 M), D-erythro-sphingosine (1 M), or its solvent (1% DMSO). Similarly, virus-infected cells were treated with S1P (1 M) or its solvent (3 mM NaOH). These experiments were repeated two more times with similar results.
Flow cytometric analysis. For detection of viral NP and Bax, HEK, SPL, or SK1 cells were either left uninfected or infected with WSN virus at an MOI of 0.1 or 1. At 2 or 3 days postinfection (dpi), cells were incubated with anti-Bax and anti-viral NP antibodies for 1 h and were then stained with phycoerythrin (PE)-and allophycocyanin (APC)-conjugated secondary antibodies (BD) for 1 h as described previously (27) . Apoptotic cell death was detected by using an annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit (BD Pharmingen) according to the manufacturer's instructions. Cells (1 ϫ 10 5 ) were washed twice with cold phosphate-buffered saline (PBS) and were then incubated with annexin V-FITC for 15 min at room temperature (RT) in the dark. Data were immediately collected by a CyAn ADP flow cytometer (Beckman Coulter) and were analyzed with FlowJo (Treestar) software. The data shown are representative of three independent experiments.
Immunocytochemistry. HEK or SPL cells were plated on four-well chamber slides (Nunc) and were infected with WSN at an MOI of 1. At 2 dpi, cells were fixed in 4% paraformaldehyde and were then permeabilized in 0.5% Triton X-100 (Sigma) for 10 min. Cells were blocked in 1% bovine serum albumin (BSA) solution for 2 h and were then incubated with an anti-Bax antibody (BD; clone 6A7) and an antibody against viral NP (Abcam) overnight at 4°C. Cells were stained with Alexa Fluor 488-conjugated anti-mouse IgG and Alexa Fluor 546-conjugated anti-rabbit IgG for 2 h and were then incubated in 4Ј,6-diamidino-2-phenylindole (DAPI) solution (300 nM; Invitrogen). Images were obtained on a Zeiss LSM 510 META confocal microscope. Representative fields are shown in the figures: images for uninfected controls were selected from 5 different fields, and images for WSN-infected cells were chosen from Ͼ10 fields. Results were equivalent in the repeated experiment.
Real-time PCR. Total cellular RNA was purified by using Tri reagent (SigmaAldrich) according to the manufacturer's description and was treated with DNase I to remove contaminated DNAs. Total RNA was reverse transcribed, and the resulting cDNA was analyzed by real-time PCR using gene-specific primer sets. Primers for beta interferon (IFN-␤) (5Ј-CGC CGC ATT GAC CAT CTA-3Ј and 5Ј-GAC ATT AGC CAG GAG GTT CTC A-3Ј) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (5Ј-TCA CCA CCA TGG AGA AGG-3Ј and 5Ј-GAT AAG CAG TTG GTG GTG CA-3Ј) were used. Quantitative real-time PCRs were performed with SYBR green I chemistry using an ABI 7900 HT real-time PCR instrument. The authenticity of the PCR products was verified by melting curve analysis. cDNA quantities were normalized to the GAPDH RNA quantities measured in the same samples. The experiment was independently repeated twice with similar results.
Statistical analysis. All error bars indicate the standard errors of the means (SEM), and averages were compared using a bidirectional unpaired Student t test. (31) were infected with influenza A/WSN/33 (WSN) virus at an MOI of 0.1 and were then monitored for viral amplification. Viral titers were determined by a plaque assay at 6, 12, 24, or 48 hpi (Fig. 1A , left) and 3 or 4 dpi (Fig.  1A , right). The virus produced its progeny on HEK cells with a 10-fold increase in the titer when assessed at 24 hpi, compared to SPL cells at that time point (24 hpi) (Fig. 1A) . The increase in the viral titer over time was prominent with HEK cells compared to SPL cells. Indeed, at 3 and 4 dpi, approximately 100-fold fewer viruses were produced from SPL cells than from HEK cells. Accordingly, increased SPL expression strongly impaired the synthesis of influenza virus nucleoprotein (NP) in the cells as evidenced by Western blot analysis (Fig. 1B) . These results suggest that SPL inhibits influenza virus replication, leading to the diminished production of virus particles that could infect neighbor cells. To confirm the SPL-mediated inhibition of virus propagation, a small interfering RNA (siRNA) approach was utilized. Specific siRNA targeting SPL effectively downregulated the expression of SPL in SPL cells. Consequently, the expression of viral NP (Fig. 1D, left) and the viral titer (Fig.  1D, right) clearly increased over that observed under nonspecific siRNA (si-CTR) or mock-treated conditions. Therefore, these results demonstrate that overexpression of SPL inhibits the amplification of infectious influenza virus. S1P lyase overexpression renders cells resistant to influenza virus-induced cytopathic effect. Influenza virus induces apoptosis in the infected cells (21, 48) . As expected, the infection of HEK cells with WSN virus caused apparent cytopathic effects (CPEs) when the cells were analyzed at 2 to 4 dpi by using a trypan blue exclusion assay ( Fig. 2A) or by visual inspection with phase-contrast microscopy (data not shown). The viability of HEK cells was strongly diminished by WSN virus infection (day 2, 30% decrease; day 3, 45% decrease; day 4, 59% decrease). However, SPL cells were notably more resistant to influenza virus infection-induced CPEs than HEK cells (Fig.  2A) . The inhibition of virus-induced apoptosis by SPL was also observed when the cells were stained with a fluorescenceconjugated annexin V, an early marker of cellular apoptosis, and then analyzed by flow cytometry (Fig. 2B) .
RESULTS
S1P lyase overexpression inhibits influenza virus propagation. To investigate whether SPL affects influenza virus propagation, HEK 293 cells and SPL-overexpressing HEK cells (SPL cells)
The finding of SPL-mediated reduction of CPEs upon influenza virus infection prompted us to define the underlying molecular mechanism. Recently, the activation of the proapoptotic protein Bax was reported to be critical for efficient induction of apoptosis caused by influenza virus through caspase activation (29) . Therefore, we evaluated the change in the Bax level in influenza virus-infected cells following the overexpression of SPL. After influenza virus infection, Bax was upregulated in HEK cells over time (Fig. 2C) . Overexpression of SPL strongly inhibited the virus-induced elevation of Bax expression. However, the expression of an antiapoptotic protein. Bcl-2, did not change (Fig. 2C) . We further evaluated the activation of the apoptotic pathway downstream of Bax. The cleaved 84-kDa form of PARP is known to be generated by activated caspase-3 (49) and to be increased by influenza virus infection (23, 32) . In support of Bax regulation, the level of cleaved PARP markedly increased in HEK cells at 2 dpi, but not in SPL cells (Fig. 2D) . Thus, SPL mediated profound suppression of Bax expression and PARP cleavage, reflecting the increased viability of SPL cells upon influenza virus infection.
To determine whether apoptosis is restricted to influenza virus-infected cells, we conducted flow cytometric analysis. As previously demonstrated, HEK cells were more sensitive to the virus infection and displayed higher NP expression (Fig. 3A , left panels) and Bax expression (data not shown) than SPL cells. In both HEK cells and SPL cells, some NP ϩ cells were coexpressing Bax, whereas the majority of NP Ϫ cells were not (Fig. 3A, right panels) . However, not all virus-infected NP ϩ cells were coexpressing Bax. This is presumably because at the early stage of influenza virus replication in the nucleus, the cells might not be undergoing apoptosis, and virus-induced apoptosis is associated with the nuclear export of the ribonucleoprotein complex of influenza virus (52) . The finding was further confirmed by immunocytochemistry (Fig. 3B ). In agreement with the result of flow cytometry, NP ϩ or Bax ϩ cells were readily detectable in influenza virus-infected HEK cells compared to infected SPL cells; most of the Bax ϩ cells were expressing viral NP simultaneously. S1P lyase overexpression induces the activation of STAT1 and ERK1/2 upon influenza virus infection. Since STAT1/2 molecules are transcriptional activators essential for the type I interferon (IFN) signaling (1, 8, 41 ) that induces the antiviral state (16, 18, 22, 40) , we examined their activation in HEK cells and SPL cells upon WSN virus infection. Interestingly, overexpression of SPL strongly increased the expression of phosphorylated STAT1 (pSTAT1) and slightly upregulated pSTAT2 at 1 dpi (Fig. 4A) . Further analysis revealed that the elevation of pSTAT1 occurred on SPL cells between 12 and 18 hpi (Fig. 4B) . When the expression of STAT1 was blocked by its inhibitor fludarabine, viral NP (Fig. 4C) and Bax (data not shown) were upregulated preferentially in SPL cells. Therefore, STAT1 is an important cellular component for SPL's inhibition of influenza virus replication and viral cytopathogenicity. However, STAT1/2 activation does not appear to be due to the increased type I IFN synthesis in SPL cells, because the amounts of type I IFN at the level of mRNA hardly changed over time compared to that in HEK cells (Fig. 4D) . Since STAT1/2 are phosphorylated by nonreceptor tyrosine kinases of Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) in type I IFN signaling (1, 8, 41 ), we performed inhibitor studies blocking their kinase activities to further determine the involvement of JAK/STAT signaling in SPL's modulation of virus replication. HEK cells or SPL cells were either left uninfected or infected with influenza virus and were then treated with a JAK1 inhibitor (JAK inhibitor I) that blocks primarily JAK1 activity and secondarily JAK2, JAK3, and TYK2 activities. The inhibition of these kinase activities strongly elevated the expression level of viral NP in WSN virus-infected SPL cells, whereas a slight increase in NP expression was detected in JAK1 inhibitor-treated HEK cells (left panel of Fig. 4E ). In contrast, inhibitors specifically blocking the activation of JAK2 or JAK3 did not increase viral NP expression in SPL cells (right panel of Fig. 4E ). These results indicate that the activation of the STAT signaling pathway by JAK1/TYK2 is critical Previously, the increased sensitivity of SPL cells to cisplatin was reported to be dependent on p38 mitogen-activated protein kinase (MAPK) and partly on c-Jun N-terminal kinase (JNK) signaling but not to involve activation of ERK (31) . Additionally, these cellular pathways could affect the STAT signaling cascade (3, 9, 17, 24, 37) . For instance, ERK2 was reported to interact with STAT1 and type I IFN receptor (9) . Thus, we further determined the activation of the diverse signaling molecules ERK, p38 MAPK, Akt, and JNK following infection of SPL cells with influenza virus. Interestingly, the virus strongly induced the activation of ERK1/2 (p44/p42 MAPK), especially ERK2 (p42), as well as STAT1 in SPL cells at 1 dpi compared to ERK2 expression in HEK cells (Fig. 5A) . Then, in contrast to that of pSTAT1, the level of activated pERK quickly diminished in SPL cells at 2 dpi, when pERK was upregulated in HEK cells (Fig. 5A) . However, the phosphorylation of p38 MAPK (p-p38), Akt (p-Akt), or JNK (p-JNK) was not significantly affected by influenza virus infection of SPL cells compared to their expression in virus-infected HEK cells (Fig. 5B) . Therefore, the early activation of STAT1 and ERK is a specific event occurring in SPL cells following influenza virus infection.
Sphingosine kinase 1 increases the susceptibility of cells to influenza virus infection. SK1 produces S1P via its kinase function, whereas S1P lyase induces the degradation of S1P (46) . Thus, we examined whether overexpression of SK1 affects influenza virus propagation differently from SPL cells. In contrast to SPL cells, SK1-overexpressing cells (SK1 cells) (30) were more susceptible to viral infection than control HEK cells (Fig. 6A) . The WSN virus-infected SK1 cells produced more progeny virus than HEK cells at 18 or 48 hpi (Fig. 6A) and at 3 dpi (data not shown), and phenotypic death of the former cells was prominent by visual inspection with phase-contrast microscopy (data not shown). The level of viral protein expression was greater in SK1 cells than in HEK cells or SPL cells, supporting the increased viral replication in SK1 cells (Fig.  6B) . Further, pSTAT1 expression was inhibited in infected SK1 cells compared to HEK cells (Fig. 6C) . These findings indicate that overexpression of SK1 heightens cells' susceptibility to influenza virus infection, which correlated with the suppression of STAT1 activation. These outcomes reflect the opposing enzymatic activities. However, direct treatment of cells with the synthetic sphingosine analog FTY720, D-erythrosphingosine, or S1P failed to enhance the synthesis of influenza virus NP (Fig. 6D) . These results suggest that the increase in influenza virus replication is not mediated by S1P receptor signaling but is regulated by SK1, presumably via intracellular S1P signaling or the altered balance among sphingolipids. Thus, we investigated whether the inhibition of SK's enzymatic action reverses the increased susceptibility of SK1 cells to influenza virus infection. To this end, we performed an inhibitor assay using N,N,-dimethylsphingosine (DMS) (11, 53) , a known inhibitor of SK activity. The data show that DMS dramatically decreased the expression of influenza virus NP and Bax, but did not alter the expression of Bcl-2, at 3 dpi (Fig.  6E) . The inhibitory effect of DMS on virus replication, i.e., the decrease in the expression of NP, was confirmed by flow cytometric analysis (Fig. 6F ) and immunocytochemistry (data not shown). These results further support our conclusion that SK1 makes cells more permissive to influenza virus.
DISCUSSION
In this study, we found that S1P-metabolizing enzymes regulate cellular responses to influenza virus infection. Importantly, overexpression of SPL impaired the synthesis of the virus protein NP and infectious virus production, whereas SK1 increased virus replication. SPL-mediated inhibition of viral propagation and cytopathogenicity correlated with the activation of STAT1 and ERK and with the decreased levels of the proapoptotic protein Bax and cleaved PARP. S1P-metabolizing enzymes were known to modulate sensitivity to cellular stresses. For instance, SPL renders cells more sensitive to stresses caused by anticancer drugs or serum deprivation (31, 43) , whereas SK1-overexpressing cells become more resistant to cell death induced by these stimuli (30, 38) . The result was supported by the increased expression of the antiapoptotic protein Bcl-2 in SPL-deficient cells (5) . However, our study revealed that SPL cells were more resistant to influenza virus infection and virus-induced apoptosis, and SK1 cells became more sensitive to the infection and its aftermath. These outcomes are probably due to disparate underlying molecular mechanisms that are influenced by influenza virus, given that virus infection creates a new cellular environment via dynamic interaction between viral components and the cellular machinery. It is likely that SPL suppresses influenza virus replication, leading to the inhibition of virus-induced Bax expression, although we cannot exclude the possibility of SPLmediated direct inhibition of Bax upregulation upon influenza virus infection. Interestingly, influenza virus infection of SPL cells induced early activation of STAT1/2 signaling, which is known as a powerful host defense mechanism against influenza virus infection (16, 18, 22, 40) . Moreover, when STAT1 expression was inhibited or JAK1/TYK2 activity, i.e., phosphorylation of STAT1/2 molecules (1, 8, 41) , was blocked by a specific inhibitor, the production of influenza virus NP increased preferentially in SPL cells ( Fig. 4C and E) . Therefore, these data strongly suggest that early activation of JAK/STAT signaling in SPL-overexpressing cells results in a potent anti-virus status of the cells. Based on this result, we hypothesized that SPL increases the synthesis of type I IFN for the activation of the JAK/STAT signaling cascade. However, the level of type I IFN scarcely changed (Fig. 4D) . Alternatively, the overexpression of SPL may induce an intracellular signaling pathway to trigger STAT signaling against influenza virus infection. ERK2 was reported to associate with STAT1 as well as with the ␣ subunit of the type I IFN receptor when the cells were exposed to type I IFN, and thus to modify the JAK/STAT signaling cascade (9) . In our results, the activation level of ERK in SPL cells strongly increased upon influenza virus infection, compared to that in control HEK cells at 1 dpi (Fig. 5A) . Therefore, it is likely that the activation of ERK leads to the phosphorylation of STAT1. However, the level of pERK dramatically decreased at 2 dpi compared to its expression in HEK cells infected with influenza virus. ERK was also shown to be activated by influenza virus infection and has a critical role in enhancing virus propagation (42) , especially at the late stage of virus replication. Conceivably, early short-term activation of ERK is important for STAT1 activation in SPL cells, while the inhibition of ERK at the late stage reflects decreased virus replication in the cells. Therefore, the increased resistance to influenza virus infection that is mediated by SPL could be due to enhanced ERK function, leading directly or indirectly, via JAK activation, to STAT activation, although the cause-effect relationship requires further investigation. Thus, future studies should include the definition of detailed mechanisms for the link between SPL activation and JAK/STAT signaling and the identification of specific IFN-stimulated genes that are responsible for the SPLmediated inhibition of virus propagation. Besides ERK, other MAPK family members, p38 MAPK (35) and JNK (25) , as well as Akt in the phosphatidylinositol-3-kinase (PI3K) pathway (12, 19) , have been known to be important factors in regulating influenza virus propagation. Previous study has shown that overexpression of SPL activated p38 MAPK, in particular, in response to treatment with anticancer drugs such as cisplatin (31) . However, the activation of these molecules was not significantly affected by SPL overexpression in cells upon influenza virus infection. These results indicate that the SPL-mediated antiviral cellular mechanism does not employ mechanisms involving the p38 MAPK, Akt, or JNK signaling pathways.
Overexpression of SK1 heightened the cells' susceptibility to influenza virus infection. This altered cellular response was reversed by treatment with an SK inhibitor, DMS, suggesting that SK could be a potential therapeutic target for the treatment of diseases caused by influenza virus infection. However, direct treatment of cells with S1P or the sphingosine analog FTY720 did not significantly affect influenza virus replication (Fig. 6D) . Several possibilities could explain these results. First, extracellular S1P might have a different function in modulating cellular responses to influenza virus infection from intracellular S1P. S1P that is generated intracellularly by SK is not only secreted to act as an exogenous lipid mediator via specific S1P receptors (44) but can also remain inside the cell to stimulate cellular signaling components (47) . Second, SPL and SK initially change the level of S1P/sphingosine, which subsequently affects the amounts of other sphingolipids. In other words, regulation of S1P-metabolizing enzymes can alter the levels of various types of sphingolipids, including ceramide, sphingosine, and S1P, and their intermediate and terminal metabolites (2) . Thus, it is conceivable that the balance between S1P-metabolizing enzymes is more critical than the amount of S1P for cellular defense mechanisms against influenza virus infection (6). Lastly, it is possible that S1P-metabolyzing enzymes have other, as yet unidentified functions in regulating cellular responses to influenza virus infection. However, there has been no evidence that SPL and SK function in any way beyond catalyzing their respective reactions of breaking down or synthesizing S1P (15, 26, 46) . Further, inhibition of SK enzymatic activity by DMS results in the inhibition of influenza virus propagation (Fig. 6E and F) . Overall, this strongly supports the contention that S1P-metabolizing enzymes regulate the replication of influenza virus via their primary catalytic activity, not by some other, undefined role of the enzymes, although the latter possibility cannot be completely ruled out. Further analysis involving measurement of the levels of sphingolipids, especially sphingosine/S1P, in enzyme-overexpressing cells or enzyme-deficient cells following virus infection would be informative for uncovering mechanisms in detail.
Taken together, our findings indicate that the modulation of S1P-metabolizing enzymes is pivotal for the regulation of host cellular defense mechanisms against influenza virus infection. Manipulation of these enzymes, i.e., specific activation of SPL or inhibition of SK1, could block the propagation of influenza virus and virus-induced pathogenicity. In conjunction with the efforts to discover small molecules specifically targeting S1P-metabolizing enzymes (15) , our studies could facilitate the development of novel mechanism-based therapeutics for viral diseases. We thank Yoshihiro Kawaoka (University of Wisconsin-Madison) for graciously supplying the influenza WSN virus. Also, we thank the Cell & Immunology Core and Molecular Cytology Core facilities at MU.
